Gordish KL, Beierwaltes WH. Resveratrol induces acute endothelium-dependent renal vasodilation mediated through nitric oxide and reactive oxygen species scavenging. Am J Physiol Renal Physiol 306: F542-F550, 2014. First published January 15, 2014 doi:10.1152/ajprenal.00437.2013Resveratrol is suggested to have beneficial cardiovascular and renoprotective effects. Resveratrol increases endothelial nitric oxide synthase (eNOS) expression and nitric oxide (NO) synthesis. We hypothesized resveratrol acts as an acute renal vasodilator, mediated through increased NO production and scavenging of reactive oxygen species (ROS). In anesthetized rats, we found 5.0 mg/kg body weight (bw) of resveratrol increased renal blood flow (RBF) by 8% [from 6.98 Ϯ 0.42 to 7.54 Ϯ 0.17 ml·min Ϫ1 ·gram of kidney weight Ϫ1 (gkw); n ϭ 8; P Ͻ 0.002] and decreased renal vascular resistance (RVR) by 18% from 15.00 Ϯ 1.65 to 12.32 Ϯ 1.20 arbitrary resistance units (ARU; P Ͻ 0.002). To test the participation of NO, we administered 5.0 mg/kg bw resveratrol before and after 10 mg/kg bw of the NOS inhibitor N-nitro-L-arginine methyl ester (L-NAME). L-NAME reduced the increase in RBF to resveratrol by 54% (from 0.59 Ϯ 0.05 to 0.27 Ϯ 0.06 ml·min Ϫ1 ·gkw Ϫ1 ; n ϭ 10; P Ͻ 0.001). To test the participation of ROS, we gave 5.0 mg/kg bw resveratrol before and after 1 mg/kg bw tempol, a superoxide dismutase mimetic. Resveratrol increased RBF 7.6% (from 5.91 Ϯ 0.32 to 6.36 Ϯ 0.12 ml·min Ϫ1 ·gkw Ϫ1 ; n ϭ 7; P Ͻ 0.001) and decreased RVR 19% (from 18.83 Ϯ 1.37 to 15.27 Ϯ 1.37 ARU). Tempol blocked resveratrol-induced increase in RBF (from 0.45 Ϯ 0.12 to 0.10 Ϯ 0.05 ml·min Ϫ1 ·gkw Ϫ1 ; n ϭ 7; P Ͻ 0.03) and the decrease in RVR posttempol was 44% of the control response (3.56 Ϯ 0.34 vs. 1.57 Ϯ 0.21 ARU; n ϭ 7; P Ͻ 0.006). We also tested the role of endothelium-derived prostanoids. Two days of 10 mg/kg bw indomethacin pretreatment did not alter basal blood pressure or RBF. Resveratrol-induced vasodilation remained unaffected. We conclude intravenous resveratrol acts as an acute renal vasodilator, partially mediated by increased NO production/NO bioavailability and superoxide scavenging but not by inducing vasodilatory cyclooxygenase products.
IN ADDITION TO MAINTAINING water balance and electrolyte levels, the kidney must regulate renal vascular resistance (RVR) to maintain renal blood flow (RBF) and glomerular filtration rate. RBF is maintained by vessels constantly adjusting diameter and tone in response a variety of mechanisms including local shear stress, sympathetic, endocrine, and paracrine factors (30) . Nitric oxide (NO), a vasodilator, is tonically produced in the vascular endothelium by the enzyme endothelial nitric oxide synthase (eNOS) and synthesized from the amino acid substrate L-arginine (38) . In normotensive rats, NO inhibition results in acute hypertension and renal vasoconstriction (3) (4) . The vascular endothelium maintains the balance between vasodilatation and vasoconstriction. In hypertension, renal failure, and diabetes mellitus, diseases characterized by endothelial dysfunction, pharmacological agents that increase nitric oxide production or reduce vasoconstriction may improve renal perfusion (52) .
Resveratrol (3,5,4=-trihydroxystilbene), a naturally occurring polyphenol found in red wine and other dietary vegetation, is proposed to have cardioprotective effects as well as antiinflammatory, antioxidant, and anticancer properties (2) . Resveratrol increases eNOS expression and NO production (54, 55) . Resveratrol has been shown to increase vascular relaxation in endothelial-intact aortic strips and N-nitro-L-arginine methyl ester hydrochloride (L-NAME), a NOS inhibitor, was able to block this effect (12) . Bhatt et al. (8) reported resveratrol partially reversed the endothelial dysfunction found in spontaneously hypertensive rats (SHRs). While SHRs had significantly lower NO levels compared with control WistarKyoto rats, resveratrol treatment increased NO content and increased eNOS protein expression. They also found vascular relaxation in phenylephrine-preconstricted mesenteric arterial rings was significantly improved in SHR by resveratrol.
In addition to stimulating NO, resveratrol is itself a reported antioxidant and scavenger of reactive oxygen species (ROS) (42, 31) . Excessive production of ROS contributes to the development of hypertension, and the antihypertensive effect of (chronic) resveratrol may be in part through inhibition of ROS-producing NADPH and xanthine oxidase and through direct actions as a free radical-scavenging antioxidant (41, 27, 11) . Resveratrol has also been shown to activate NAD(ϩ)-dependent protein deacetylase SIRT1 (22) , which stimulates the mitochondrial free radical scavenging enzyme superoxide dismutase (SOD2). Further, it has been shown that ROS are renal vasoconstrictors (25, 29) and their production in renal afferent arterioles is induced by increased luminal pressure (40) . Tempol significantly attenuated this pressure-induced renal vasoconstriction (40) . Lai et al. (29) have also shown that superoxide constricts the renal afferent arteriole.
Combined, these data suggest resveratrol may vasodilate by increasing the synthesis of NO and decreasing the vasoconstrictor ROS. Although cardiac hemodynamic effects of acute and chronic resveratrol have been studied, the effects of resveratrol on renal hemodynamics still remain unclear (46) . The only published report of the effects of resveratrol on the renal artery are from Gojkovic-Bukarica et al. (18) , which investigated the mechanism of resveratrol-induced vasorelaxation of the renal artery in normal and diabetic rats using an in vitro mounted isometric tension preparation.
Vasodilator arachidonic acid products such as prostaglandin E 2 (PGE 2 ) and PGI 2 are renal vasodilators (6, 23, 24) . Resveratrol has a complex relationship with arachidonic acid metabolism. The anti-inflammatory actions of resveratrol are suggested to be due to its chronic suppression of cyclooxygenase (COX) expression, induction, activity, and prostanoid production (35) . However, it has also been shown to selectively inhibit the COX-1 isoform but not COX-2 (49) . Similarly, prostaglandin H synthase (PGHS), a primary enzyme in the biosynthesis of prostaglandins (21) , is differentially isoenzyme-specific for resveratrol. The constitutive PGHS-1 is inhibited by resveratrol while PGHS-2 is activated by it (24) . In vitro relaxation of porcine coronary arteries has been characterized as partially NO-dependent but unaffected by COX inhibition using indomethacin (32) . In contrast, resveratrol has been shown to enhance the antiaggregatory actions of PGE 2 and PGI 2 (56) . Thus it is not really clear if acute resveratrolmediated renal vasodilation is in part a function of renal vascular prostanoid production. One might build a case for or against such a role, but no data exist in the literature for the renal response.
We hypothesized resveratrol would induce acute renal vasodilation and decrease RVR, mediated through an increase in endothelium-derived NO and a reduction of vasoconstrictive ROS including superoxide. We also tested the possibility that resveratrol may act through stimulation of vasodilatory prostanoids.
METHODS
Male Sprague-Dawley rats (Charles River, Wilmington MA) of 225-250 g body wt (bw) were fasted overnight but allowed free access to drinking water. On the day of the experiment, rats were anesthetized via intraperitoneal injection with thiobutabarbital (125 mg/kg bw; Inactin, Sigma-Aldrich, St. Louis, MO). Rats were placed on a heated surgical table to maintain constant body temperature (BrainTree Scientific, Braintree, MA). A tracheotomy was performed using PE-240 tubing to allow free breathing of room air. A femoral cut down was performed to cannulate the femoral artery and vein with PE-50 catheters (Becton Dickinson, Franklin Lakes, NJ). The arterial catheter was connected to an iWorx BP-102 probe with LabScribe2 software (iWorx, Dover, NH) for simultaneous recording of mean arterial pressure (MAP) and heart rate (HR). Pressure transducers were calibrated using a digital, mercury-free Traceable manometer (Fisher Scientific, Pittsburg, PA). The femoral venous catheter was used for a 1-ml supplement of 6% bovine serum albumin (SigmaAldrich), for a constant infusion physiologic saline at a rate of 38 l/min using a Genie Plus micro-pump (Kent Scientific, Torrington, CT), and for bolus resveratrol administration. A mid-ventral abdominal incision was performed, and the intestines were wrapped in moist gauze and moved to the side of the peritoneal cavity to expose the left kidney. The renal artery and vein were carefully isolated and the renal artery was fitted with a Doppler flow probe (Transonic, Ithaca, NY) connected to a transit-time perivascular flow meter TS-420 model (Transonic) to record RBF via the iWorx system. The rat was draped and allowed to stabilize for 30 min before the running of the experimental protocols.
All protocols and surgical procedures employed in this study were reviewed and approved by the Henry Ford Health System Institutional Animal Care and Use Committee and were performed in accordance with the Guide for the Care and Use of Laboratory Animals endorsed by the American Physiological Society in accordance with National Institutes of Health guidelines. Ϫ1 (gkw) hereafter referred to as arbitrary resistance units (ARU). Any small infusion artifact found with the vehicle was subtracted from all paired responses to resveratrol in each experiment. The resveratrol (Sigma-Aldrich) doses were prepared daily. Fifteen milligrams of resveratrol (Sigma-Aldrich) were dissolved in DMSO and diluted with 0.9% saline to 300 l. Resveratrol is reported to be photosensitive (13) . The resveratrol was stored in light-protected Eppendorf tubes wrapped in aluminum foil and kept at 37°C until experimental use. Resveratrol doses of 0 mg/kg (vehicle control), 0.5, 2.0, and 5.0 mg/kg bw were each administered over 30 s. Following each bolus, a recovery period of 15 min was provided. At the conclusion of the protocol, animals were terminated by barbiturate overdose and aortic transection. The left kidney was removed, decapsulated, and weighed to allow for normalization of RBF per gram of kidney weight (n ϭ 8).
Protocol 2: resveratrol and NO-mediated renal vasodilation. To investigate the role of endothelium-derived NO in mediating resveratrol-induced renal vasodilation, we used NOS inhibition via N -nitro-L-arginine methyl ester hydrochloride (L-NAME; Sigma-Aldrich). We used a 5.0 mg/kg bw vasodilator dose of resveratrol, as determined in protocol 1. The same surgical procedures were performed as above. Only the vehicle and 5.0 mg/kg resveratrol dose was administered before and 10 min after 10 mg/kg bw L-NAME treatment. We have previously shown that L-NAME at this dose produces complete and sustained inhibition of systemic and renal endothelium-dependent vasodilation (44) . L-NAME was administered intravenously, via the femoral vein. RBF, MAP, and HR were recorded. (n ϭ 10).
Protocol 3: resveratrol renal vasodilation with AT1 receptor blockade. To serve as a control for protocol 4, we administered 5.0 mg/kg bw resveratrol before and after delivering 10 mg/kg bw losartan (Cayman Chemicals, Ann Arbor, MI) since two pharmacological treatments were used in protocol 4 (losartan and L-NAME). We measured RBF, MAP, HR, and RVR in response to resveratrol before and after treatment with losartan (n ϭ 6).
Protocol 4: resveratrol and NO-mediated renal vasodilation after eliminating the L-NAME-induced changes in baseline hemodynamics.
L-NAME given to an anesthetized rat produces significant renal vasoconstriction and acute hypertension due to the unbridled effect of elevated angiotensin II in the absence of NO (3). To minimize these hemodynamic effects of L-NAME in our anesthetized preparation but still evaluate the role of NO, we administered the angiotensin AT1 receptor blocker losartan (Cayman Chemicals) after our control period but before L-NAME was given. This minimized the overall renal hemodynamic and pressor effects of L-NAME treatment to change the baseline. The same surgical procedures were performed as in protocol 2 with the exception of treatment with 10 mg/kg bw losartan given 5 min before L-NAME administration. We measured RBF, MAP, HR, and RVR in response to resveratrol before and after treatment with losartan and L-NAME. (n ϭ 11).
Protocol 5: resveratrol and scavenging of superoxide anion. We hypothesized resveratrol-induced renal vasodilation may be mediated in part through NO scavenging of superoxide, reducing its inherit vasoconstriction. The ROS superoxide anion reacts quickly with NO in the vasculature, producing peroxynitrite and depleting NO. To investigate the role of superoxide scavenging properties of resveratrol, we administered 5.0 mg/kg bw resveratrol before and after delivering 1.0 mg/kg bw tempol (Sigma-Aldrich), a superoxide dismutase mimetic. Thus if tempol scavenged superoxide before the resveratrol bolus, resveratrol-induced renal vasodilation should be diminished. (n ϭ 7).
Protocol 6: resveratrol and vasodilatory prostanoids. To investigate whether resveratrol-induced vasodilation was mediated in part via vasodilator prostaglandins, rats were pretreated with the nonselective COX inhibitor indomethacin (Sigma-Aldrich); 4 mg/kg bw the day before the experiment, 4 mg/kg bw again on the day of the experiment, and 2 mg/kg bw just before the surgery as previously described (20) . Indomethacin was dissolved in DMSO (Sigma-Aldrich). Surgical procedures were performed as above using only vehicle and 5.0 mg/kg resveratrol before and 10 min after 10 mg/kg L-NAME treatment in indomethacin-pretreated animals. RBF, MAP, and HR were recorded. RVR was calculated. (n ϭ 10).
Analysis. For dose responses (protocol 1), the changes in RBF minus any vehicle infusion artifact and the changes in RVR were analyzed using ANOVA for repeated measures using a Bonferroni adjustment of the P value as a post hoc test for multiple comparisons. All statistically significant responses are listed only as an adjusted P Ͻ 0.05 for Fig. 1 . For comparisons of the resveratrol response between untreated controls and after treatment (protocols 2-6), we used a paired Student's t-test with an ␣ acceptance at 0.05, and n values were chosen to provide a power of at least 0.8.
RESULTS
Protocol 1: measurement of renal hemodynamics in response to resveratrol. A significant increase in RBF was observed with 5.0 mg/kg resveratrol ( Fig. 1) . At this dose RBF increased 8% from 6.98 Ϯ 0.42 to 7.54 Ϯ 0.17 ml·min Ϫ1 · gkw Ϫ1 (n ϭ 8; P Ͻ 0.05) and RVR decreased by 18% from 15.00 Ϯ 1.65 to 12.32 Ϯ 1.20 ARU (P Ͻ 0.05). Neither MAP nor HR was changed in response to resveratrol (Fig. 2) . The increase in RBF and decrease in RVR in response to resveratrol were transient responses, and resveratrol-induced changes in RBF and RVR returned to preinjection values. Thus we chose a bolus dose of 5.0 mg/kg bw for all subsequent protocols to investigate the mechanism of vasodilation.
Protocol 2: resveratrol and NO-mediated renal vasodilation. As in protocol 1, 5.0 mg/kg resveratrol increased RBF 8% from 7.09 Ϯ 0.44 to 7.68 Ϯ 0.46 ml·min Ϫ1 ·gkw Ϫ1 (P Ͻ 0.001). Likewise, RVR decreased 17% from 14.65 Ϯ 0.92 to 12.14 Ϯ 0.82 ARU (P Ͻ 0.001). MAP remained unchanged at 101 Ϯ 3 to 98 Ϯ 2 mmHg, and HR was unaffected [327 Ϯ 16 beats/min (bpm)]. Following administration of L-NAME, basal RBF decreased from 7.09 Ϯ 0.44 to 4.36 Ϯ 0.32 ml·min Ϫ1 ·gkw Ϫ1 (P Ͻ 0.0001), RVR increased from 14.65 Ϯ 0.92 to 33.41 Ϯ 2.63 ARU (P Ͻ 0.0001), MAP increased from 101 Ϯ 3 to 139 Ϯ 6 mmHg (P Ͻ 0.0001), and HR decreased from 327 Ϯ 16 to 274 Ϯ 11 bpm (P Ͻ 0.003). L-NAME significantly diminished but did not eliminate resveratrol-induced renal vasodilation. Resveratrol-induced vasodilation increased RBF from 4.36 Ϯ 0.32 to 4.63 Ϯ .32 ml·min Ϫ1 ·gkw
Ϫ1
(P Ͻ 0.001), an absolute change of 0.27 Ϯ 0.06 ml· min Ϫ1 ·gkw
, which was only half the response seen before L-NAME (Fig. 3) . L-NAME-treated rats had a significant decrease in RVR with resveratrol from 33. Effect of acute resveratrol on mean arterial pressure (MAP) and heart rate (HR; n ϭ 8). Acute resveratrol had no effect on MAP or HR; bpm, beats/min.
2.27 ARU. After L-NAME administration, resveratrol did not affect HR, but it significantly decreased MAP from 139 Ϯ 6 to 131 Ϯ 6 mmHg (P Ͻ 0.003). Overall, we found L-NAME reduced resveratrol-induced vasodilation by 54% suggesting a significant component of resveratrol-induced vasodilation is mediated in part by NO. hemodynamic changes induced by L-NAME treatment (seen in protocol 2) by preventing the significant decrease in RBF. Basal RBF was 6.58 Ϯ 0.36, and after both losartan and L-NAME, the baseline was 6.16 Ϯ 0.53 ml·min Ϫ1 ·gkw Ϫ1 . MAP was unchanged 123 Ϯ 4 mmHg, but HR fell significantly from 304 Ϯ 12 to 263 Ϯ 14 bpm (P Ͻ 0.001). Similar to the results of protocol 2 with L-NAME alone, NO inhibition in the presence of losartan significantly reduced the resveratrol-induced renal vasodilation from an increase in RBF of 0.33 Ϯ 0.05 to just 0.21 Ϯ 0.04 ml·min Ϫ1 ·gkw Ϫ1 (P Ͻ 0.02). RVR decreased from 21.29 Ϯ 1.72 to 18.70 Ϯ 2.13 ARU (P Ͻ 0.03; Fig. 5 ). MAP and HR were unchanged in response to resveratrol. Overall, angiotensin receptor blockade prevented the hemodynamic and pressor effects associated with NOS inhibition. Resveratrol-induced renal vasodilation was significantly reduced by NOS inhibition, similar to the results of protocol 2. 
. Effect of nitric oxide synthase (NOS) inhibition with N-nitro-L-arginine
methyl ester (L-NAME) on RBF and RVR on resveratrol-induced vasodilation (n ϭ 7). L-NAME reduced the increase in RBF in response to resveratrol by 54% (P Ͻ 0.001) and significantly decreased the change in RVR by 20% (P Ͻ 0.004). resveratrol-induced increase in RBF (a decrease of 78% in vasodilation from 0.45 Ϯ 0.12 to 0.10 Ϯ 0.05 ml·min Ϫ1 · gkw Ϫ1 ; P Ͻ 0.03), and the decrease in RVR in response to resveratrol was only 44% that of the control response (3.56 Ϯ 0.34 vs. 1.57 Ϯ 0.21 ARU; P Ͻ 0.006). Thus by scavenging superoxide, the resveratrol-induced vasodilation was completely eliminated.
Protocol 6: resveratrol and vasodilatory prostanoids. In indomethacin-treated rats, a bolus of 5.0 mg/kg resveratrol resulted in a significant increase in RBF (Fig. 7 ) from 6.77 Ϯ 0.18 to 7.17 Ϯ 0.23 ml·min Ϫ1 ·gkw Ϫ1 (P Ͻ 0.0004), similar to the change seen as in protocol 2. Resveratrol also decreased RVR from 15.08 Ϯ 0.50 to 12.53 Ϯ 0.49 ARU (P Ͻ 0.0001). In indomethacin-treated rats, L-NAME increased MAP from 100 Ϯ 3 to 138 Ϯ 5 mmHg (P Ͻ 0.0001), decreased HR from 331 Ϯ 10 to 265 Ϯ 11 bpm (P Ͻ 0.001), and increased RVR from 15.08 Ϯ 0.50 to 31.77 Ϯ 3.81 ARU (P Ͻ 0.002). As in protocol 2, L-NAME significantly blunted renal vasodilation seen in response to resveratrol by 44%, from 0.50 Ϯ 0.09 to 0.28 Ϯ 0.06 ml·min Ϫ1 ·gkw Ϫ1 (n ϭ 10; P Ͻ 0.044). Resveratrol also decreased RVR from 31.77 Ϯ 3.81 to 25.62 Ϯ 2.51 ARU (P Ͻ 0.007; Fig. 7) . In indomethacin-treated rats, resveratrol did not affect heart rate but significantly decreased MAP from 100 Ϯ 3 to 95 Ϯ 3 mmHg (P Ͻ 0.001) and after L-NAME decreased MAP from 138 Ϯ 5 to 131 Ϯ 6 mmHg (P Ͻ 0.003). Overall, COX inhibition did not change the renal hemodynamic response to resveratrol or its attenuation by L-NAME.
DISCUSSION
Very little is known about the renal hemodynamic effects of resveratrol. In this study we present in vivo data to support our hypothesis that resveratrol is a renal vasodilator. In particular the mechanisms by which resveratrol functions as a renal vasodilator include 1) increased NO production and/or NO availability, and 2) subsequent reduction of vasoconstrictor ROS, presumably superoxide. Resveratrol treatment significantly increased RBF and with a concomitant decrease in RVR. Our findings are consistent with the literature that resveratrol acutely increases NO synthesis. Wallerath et al. (54, 55) demonstrated resveratrol increases eNOS expression and NO production in human umbilical vein endothelial cells. Here we demonstrate resveratrol is capable of inducing renal vasodilation in normal rats by an endothelial dependent, NOmediated pathway. However, only about half of the resveratrolinduced renal vasodilation was blocked by competitive NOS inhibition. This is similar to the in vitro results of Li et al. (32) using isolated porcine coronary arteries. They found that either NOS inhibition or de-endothelization of the preparation only partially reversed the resveratrol-induced vascular relaxation.
One concern of blocking NOS using L-NAME in an in vivo protocol is the significant shift in the hemodynamic baselines. L-NAME given to an anesthetized rat produces significant renal vasoconstriction and acute hypertension due to the unbridled effect of elevated angiotensin II in the absence of NO (3). To serve as a control, in protocol 4, we solely treated with losartan because in protocol 5 we treated with both losartan and Losartan and L-NAME reduced the resveratrol-induced increase in RBF by 36%.
L-NAME to minimize hemodynamic changes. In protocol 4, we found both in the control and with losartan treatment, resveratrol elicited significant vasodilation, albeit, the vasodilation magnitude was decreased with losartan treatment, as would be expected. In protocol 4, we controlled for the hemodynamic and pressor effects of L-NAME. After the control period, we administered the AT 1 antagonist losartan (17) . Previous work has shown losartan was able to diminish the decreased RBF due to L-NAME (45) . Under these conditions, we replicated our results of diminished resveratrol-induced renal vasodilation after NOS inhibition with the inclusion of losartan eliminating gross changes in the hemodynamic baseline induced by L-NAME. Collectively, these data also support the results in protocol 2 that resveratrol-induced renal vasodilation is at least partially NO dependent, as evident during NOS inhibition.
Nitric oxide and superoxide interact and scavenge each other in a balance that controls endothelial function (26) . With approximately half of resveratrol-induced renal vasodilation explained by an endothelial NO-dependent mechanism, we tested whether this renal vasodilation is mediated through scavenging of ROS by reducing the vasoconstrictor effects of superoxide. Besides the ROS scavenging of NO, resveratrol has been shown to directly scavenge ROS (31, 48) . Resveratrol treatment has been shown to dowregulate NOX4 expression (47). Since our protocol was an acute experiment, expression is unlikely to be a significant factor. Our idea was that resveratrol may be acting as an antioxidant, either through its stimulation of NO synthesis, or independently acting as a ROS scavenger, or both. When we delivered resveratrol after administration of the superoxide dismutase mimetic tempol, renal vasodilation was completely blocked. This finding suggests resveratrol may increase RBF through both increasing acute NO release as well as directly scavenging free radicals. This could explain why tempol was more efficacious in blocking the resveratrol-induced vasodilatory response than just NOS inhibition alone. Resveratrol-induced renal vasodilation mediated by scavenging ROS is a novel finding under normal basal conditions. In our protocol, we do not have direct measurements of NO synthesis in the renal resistance vessels. Thus we do not really know if the resveratrol induces increased NO synthesis or alternatively exerts a NOS-dependent vasodilation resulting from a mechanism involving direct resveratrol scavenging of ROS, which in turn would allow increased NO bioavailability without actually increasing NOS activity or NO production (or both of these possibilities).
This scavenging and its effect on renal hemodynamics may have therapeutic potential. Increased oxidative stress and reactive oxygen species and the subsequent endothelial dysfunction are often found in hypertension (1) and other renal diseases (16) .
Following tempol treatment in our protocol, we witnessed an increase in RBF. It should be noted that the involvement of ROS in regulation of renal hemodynamics during resting basal conditions is a controversial topic. Conflicting studies debate the role ROS contributes toward resting vasomotor tone in the kidney. Some studies support ROS in having a tonic vasoconstricting effect as evident in knockout and pharmacological inhibition experiments (19, 33, 34) . Conversely, different studies demonstrate tempol does not alter renal hemodynamics in normotensive rats (42, 28) . Confounding this issue is different treatment dosages and RBF measurements taken over different time periods make direct comparisons difficult.
One final closing thought concerning the interpretation of tempol protocol data (protocol 5) should be highlighted. It is straightforward to recognize when the vasculature is in a vasodilated state, this will decrease the dilator response to vasodilatory agent. In our data tempol increased basal RBF 9% and virtually abolished resveratrol-induced vasodilation. However, in protocol 4 we found losartan increased basal RBF 16%, an amount greater than with tempol, and still resveratrol was able to significantly vasodilate following losartan treatment. In both protocols, the pharmacological treatments (losartan or tempol) increased basal RBF, but there were divergent vasodilatory outcomes in response to resveratrol. Overall, this suggests the reduced vasodilation in response to resveratrol during tempol treatment is not merely due to dilated state of the vessel.
Previously, we have shown acute NOS inhibition unmasked renal vasoconstriction with COX-2 inhibition, suggesting that the influence of COX-2-derived vasodilator eicosanoids is exaggerated to maintain renal perfusion, compensating for the acute loss of NO (5) . However, in vitro fibroblast culture studies have shown resveratrol may inhibit phospholipase A2 activity and PGE 2 synthesis (36) . In a cancer line, resveratrol has been suggested to inhibit COX-2 (57). However, another study has shown resveratrol increases COX mRNA levels (10). Since resveratrol-induced renal vasodilation was not com- pletely eliminated by NOS inhibition, we considered the possible influence of prostanoids in resveratrol-induced renal vasodilation by pretreating rats with indomethacin. However, our results suggest no involvement of prostanoids in acute resveratrol-induced vasodilation. In vitro relaxation of porcine coronary arteries has been characterized as partially NO dependent but similar to our data unaffected by COX inhibition using indomethacin (32) . In contrast, resveratrol has been shown to enhance the anti-aggretory actions of PGE 2 and PGI 2 (56) suggesting some acute interaction with the actions of prostaglandin. There are no existing data for an interaction between resveratrol and vasodilator prostaglandins in the renal vasculature. Overall these data generally support our findings that resveratrol-induced renal vasodilation is not influenced by vasodilator prostanoids.
The acute renal vasodilation we observed in response to resveratrol administration was a transient event. Peak vasodilation took place within 30 s following the resveratrol bolus, and blood flow gradually returned to prebolus values within a few of minutes. In human subjects treated with oral 14 Cresveratrol (53) , absorption of resveratrol is ϳ70%, and it has a plasma half-life of 9.2 Ϯ 0.6h. Boocock et al. (9) found peak plasma levels of resveratrol at 539 Ϯ 384 ng/ml, in healthy human volunteers, 1.5 h after consuming a 5-g dose of resveratrol. Our transient increase in RBF and decrease in RVR may be explained in part due the metabolism, distribution and possibly excretion of resveratrol.
We did not observe any significant changes in MAP with acute resveratrol administration in normal rats under control conditions. However, in both L-NAME and indomethacin plus L-NAME groups, we observed resveratrol significantly decreased MAP. Other groups have reported that resveratrol may reduce blood pressure. Thandapilly et al. (51) reported grape powder in SHRs significantly decreased blood pressure (200 Ϯ 4 vs.190 Ϯ 2 mmHg with treatment). In diabetic patients, resveratrol supplements for 3 mo (250 mg/day) lowered systolic pressure from 139 Ϯ 16 to 127 Ϯ 15 mmHg (7). Bhatt et al. (8) showed that resveratrol treatment (5 mg/kg/day) attenuated hypertension development in SHR as indicated by lower MAP in resveratrol-treated SHR compared with control SHR (161 Ϯ 2 vs. 180 Ϯ 1 mmHg, respectively). These are, however, chronic studies and do not reflect the immediate changes we see. The explanation for why the treated animals responded but the controls did not remains elusive, though the changes in MAP we report are relatively small.
Although the data we present support either increased NO production and/or NO bioavailability, there may be a possible alternative which might explain NO-mediated resveratrol induced renal vasodilation. Park et al. (39) found resveratrol inhibits phosphodiesterase (PDE) isoforms 1, 3, and 4. PDE-4 is expressed in endothelial cells, and within the kidney several PDE isoforms are present including PDE-4 (37) . In a dog model, Tanahashi et al. (50) observed that intracranial arterial infusion of rolipram, a selective phosphodiesterase IV inhibitor, increased renal blood flow. Dalaklioglu and Ozbey (14) found, in isolated corpus cavernosum, resveratrol produced a concentration-dependent relaxation that was significantly attenuated by removal of the endothelium, L-NAME, or the soluble guanylyl cyclase inhibitor 1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one (ODQ), suggesting a cGMP-mediated effect (14) . As in our results, the COX inhibitor indomethacin had no effect (14) . El-Mowafy (15) found that in sheep coronary arteries resveratrol increased cGMP formation threefold, and this was not abrogated by the phosphodiesterase inhibitor IBMX. Further, resveratrol activated guanylyl cyclase in the particulate, but not in the soluble membrane fraction. He proposed that resveratrol increases cGMP in coronary arteries partially by activation of particulate guanylyl cyclase (15) . Thus resveratrol could act via its second messenger cGMP through a direct effect on nitric oxide synthesis, through activation of particulate guanylyl cyclase, through inhibition of phosphodiesterase(s), or through some combinations of all these pathways. It remains to be shown if acute resveratrol increases renal vasodilation through one or all of these actions.
Because our study is based on acute and transient responses to a bolus injection of resveratrol, it does not lend itself to measuring any metric for NO or O 2 Ϫ levels in a meaningful manner. Both these molecules are short-lived and highly reactive. Thus we have not attempted to quantify such changes. Lastly, another possible limitation of this study is that tempol increased RBF. The resultant vasodilation by tempol may have masked the actions of vasodilatory actions of resveratrol, yet with losartan treatment there was vasodilation and resveratrol still induced significant vasodilation.
In summary, our findings suggest acute resveratrol treatment influences renal hemodynamics inducing a significant increase in RBF and decreased RVR. The mechanism of renal vasodilation is partially mediated by either stimulating endothelial-NO production and/or increasing NO availability and through a reduction of endogenous reactive oxygen species; either due to the increased NO synthesis or a direct ROS scavenging by resveratrol itself. Resveratrol-induced renal vasodilation is not influenced by COX metabolism and vasodilatory prostanoids.
